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A genome-wide association study for morphometric traits was conducted in 184 Quarter
Horses, 120 from a racing population, and 64 from a cutting population, which were geno-
typedusing the Illumina EquineSNP50 chip. Association analysiswas performedwith 42,058
single-nucleotide polymorphisms (SNPs) (after quality control) using Qxpak5 software.
The following traits were measured: weight (W), rump length (RL), and body length (BL).
These morphometric traits are important for the best performance in race and cutting
events. For weight, three SNPs associated (P < .0001) were found on chromosomes (Equus
caballus autosomes [ECA]) 2 and 3. For rump length, eight SNPs associated (P < .0001) were
foundonECA2, 3, 6, 7, 9, 21, and 26.OnECA3andECA8, twoSNPswere associated (P< .0001)
with body length. So, a total of 13 important chromosomal regions were identiﬁed with
Q values of 0.53 (SNPs for W), 0.40 (SNPs for RL), and 0.99 (SNPs for BL). Positional and
functional candidate genes emerging from this study were WWOX and AAVPR1A. Further
studies are required to conﬁrm these associations in other populations.
 2014 Elsevier Inc. All rights reserved.1. Introduction
Breed of great economic expression, especially due to
its versatility in different equestrian events, the Quarter
Horse is subdivided into different populations according
to skills resulting from distinct selection objectives. The
racing population explores the sprinting ability of the ani-
mals over short distances, whereas the cutting population
is used in functional tests, exploring abilities such as agility,
obedience, and cow sense.
The morphology of horses presents functional relation-
ship with the performance of the animals in their variousa, MD, Faculdade de
dual Paulista, Jaboti-
r (C.T. Meira).
. All rights reserved.activities, such as racing, reining, barrel racing, cutting, and
so forth. Many times, the differences in performance exist
owing to adequacy or inadequacy morphometric traits.
According to Meira et al [1], racing horses are heavier and
taller and present greater body lengths and perimeters than
cutting horses.
The availability of an equine single-nucleotide poly-
morphism (SNP) array gave rise to genome-wide asso-
ciation studies (GWAS). Recent studies applying genomic
approaches reported to conformation traits have been
conducted. Signer-Hasler et al [2], Tetens et al [3], andMeira
et al [4] reported the identiﬁcation of quantitative trait loci
(QTL) for height at withers on Equus caballus autosomes
(ECA) 3 and ECA 9 in Franches-Montagnes horses, on ECA 3
in German Warmblood horses, and on ECA 9 in Quarter
Horse, respectively. Studies with body size also had been
conducted. Makvandi-Nejad et al [5] identify four loci on
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in horse size. Metzger et al [6] investigated associations of
polymorphisms of the candidate gene LCORL with the
development of body size in horses. In this study, we aimed
to perform GWAS to identify chromosomal regions and
positional candidate genes associated with other important
morphometric traits in Quarter Horse.
2. Methods and Materials
For the analyses, a total of 188 Quarter Horses of both
sexes born between 1985 and 2009, including 120 racing
horses and 68 cutting horses, registered at the Brazilian
Association of Quarter Horse Breeders, were studied. All
experimental procedures were conducted in accordance
with the Brazilian legislation on animal welfare.
The following physical traits were measured according
to Torres and Jardim [7]: weight (W), rump length (RL), and
body length (BL). The measurements were performed by
the same person with a tape measure and measuring stick,
always on the right side of the animal, with the horse
standing with front and rear legs perpendicular to the
ground. For genotyping, a 5-mL sample of whole blood was
collected from each animal by puncture of the left jugular
vein in the neck region into vacuum tubes containing
7.5 mg of ethylenediaminetetraacetic acid.
The racing horses (18 males and 102 females), born to
48 stallions and 107 mares, belonged to ﬁve farms in the
countryside of the state of São Paulo, Brazil. The cutting
horses (26 males and 42 females), born to 44 stallions and
64 mares, belonged to three other farms in the countryside
of the state of São Paulo. In both populations, full sibs were
avoided.
Genomic DNA was extracted from the blood samples of
Quarter Horses using the Illustra Blood Genomicprep Mini
Spin kit (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) according to manufacturer instructions. DNA integrity
was analyzed by 0.8% agarose gel electrophoresis, and DNA
was quantiﬁed with a NanoDrop ND-2000 spectropho-
tometer (Thermo Fisher Scientiﬁc, Waltham, MA). The DNA
concentration in the samples was adjusted to 40–60 ng/mL.
Single-nucleotide polymorphisms were genotyped on
the HiScan system (Illumina Inc) using the Illumina Equine
SNP50 BeadChip at the Faculty of Agricultural and Veteri-
nary Sciences, UNESP, Jaboticabal, São Paulo, Brazil. The
chip contains 54,602 SNPs uniformly distributed across the
entire genome of 15 horse breeds. The SNPs are distributed
across the 31 autosomes and X chromosome. The mean
interval between SNPs is 43,200 bp. This content is derived
from the EquCab2.0 SNP collection compiled by the Broad
Institute’s Equine Genome Sequencing Project, which
identiﬁed >940,000 SNPs in Arabian, Andalusian, Akhal-
Teke, Icelandic Pony, Standardbred, Thoroughbred, and
Quarter Horses.
The quality of individual and SNP genotype data was
investigated using the Genome Studio program, version
2011.1 (Illumina Inc). For individuals, call rate, heterozy-
gosity, and gender estimation were determined. Animals
with a call rate <0.95, heterozygosity of 3 standard
deviations from the mean, and errors in gender estimation
were excluded from the sample. In addition, agreementbetween four replicates and parentage concordance
(allele sharing) between four stallion and/or progeny
and three stallion, mare, and/or progeny pairs were eval-
uated. With respect to the quality of SNP genotypes in the
whole population, SNPs located on the X chromosome,
with low genotyping quality (cluster separation, <0.3),
a call frequency of <0.9, a minor allele frequency (MAF)
of <0.05 (including ﬁxed alleles), and a Hardy-Weinberg
P < .001were excluded. Quality control led to the exclu-
sion of four cutting animals from the sample and 12,544
SNPs. Thus 42,058 autosomal SNPs for 184 animals were
used in the analysis.
Genome-wide association studies were performed with
the 42,058 SNPs for each of the three traits (W, RL, and BL)
separately using Qxpak5 and ﬁtting one SNP at a time [8].
Qxpak5 relies on the well-known theory of mixed models.
It performs a likelihood ratio test with every SNP in turn,
testing the model with the SNP versus the model without
the SNP, against a chi-square distribution with 1 degree of
freedom.
Heritability estimates and the effect of each SNP were
estimated using the mixed model (Equation 1), which
included sex (two levels), population (two levels), and stud
(eight levels) as ﬁxed effects, age at the time of trait mea-
surement as a linear covariate, and animal and SNP as a
random effect.
yij ¼ Xbþ Zuþ Sksjk þ eij (1)
where yij represents the vector of phenotypic observations
from the ith horse (i ¼ 1–184) at the jth trait (j ¼W, RL, and
BL, respectively); X is the incidence matrix relating ﬁxed
effects in b with observations in yij; Z is the incidence
matrix relating random additive polygenic effects in uwith
observations in yij; Sk is the vector of genotypes for the kth
SNP across all animals; sjk represents the additive effect of
the kth SNP on the jth trait; and eij is the vector of random
residual effects.
The genetic relationship between animals was esti-
mated from genotypes, used to build a genomic relation-
ship matrix (G), using the same methodology described by
VanRanden [9] (Equation 2).
G ¼ ðM  PÞðM  PÞ
0
2
Pm
j¼1 pj

1 pj
 (2)
where M is an allele-sharing matrix with m columns
(m ¼ 42,058 SNPs) and n rows (n ¼ 184 individuals), and
P is a matrix containing the observed frequency of the
second allele (pj), expressed as 2pj.Mijwas 0 if the genotype
of individual i for SNP jwas homozygous for the ﬁrst allele,
was 1 if heterozygous, or 2 if the genotype was the other
homozygous state.
To account for multiple tests, Q value was calculated
with the package for R (version 2.10) [10]. The percentage of
the genetic variance accounted by each SNP was estimated
according to Equation 3.
%Vi ¼ 100
0
B@2piqiba
2
i
s2g
1
CA (3)
Fig. 1. Manhattan plot of P value for (A) weight, (B) rump length, and
(C) body length. The log inverse P values estimated for each polymorphism is
plotted in the y-axis. Chromosome number is plotted in the x-axis. Hori-
zontal line indicates the threshold P < .0001.
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SNP estimated across the entire population, ai is the esti-
mated additive effect of the ith SNP on the trait in question,
and s2g is the restrictedmaximum likelihood estimate of the
(poly)genetic variance for the trait.
According to McCue et al [11], the linkage disequilib-
rium (LD) of the Quarter Horse decline within the ﬁrst
50–100 Kb. Therefore, the window considered for gene
identiﬁcation was 100 Kb upstream and downstream to
each signiﬁcant SNP (P < .0001 for any of the traits). Genes
with biologically interesting ﬁndings were highlighted.
Positions of SNPs and genes were according to NCBI
Reference Assembly [12], based on the latest assembly of
the horse genome sequence (EquCab2.0).
3. Results and Discussion
Descriptive statistics of the traits are reported in Table 1.
Conformation traits are reported in the literature to be of
moderate-to-high heritability [13]. In this study, the heri-
tabilities estimated ranged from 0.17 to 0.51, indicating
additive genetic variability and the potential for improve-
ment through genetic selection of these morphometric
traits in Quarter Horse.
We performed a GWAS for conformation traits (W, RL,
and BL) using a mixed-model, ﬁtting genomic relationship
data, ﬁxed effects, and SNP alleles. The genomic relation-
ship matrix was used to obtain more accurate relationship
between animals, using identical by state information.
Fitting a G matrix allowed to estimate relationships be-
tween animals of the two different populations that were
unrelated according to pedigree records.
A total of 13 signiﬁcant SNP associations (P < .0001)
were found for the traits, being three SNPs on ECA 2 and 3
associated with weight, eight SNPs on ECA 2, 3, 6, 7, 9, 21,
and 26 associated with rump length, and two SNPs on ECA
3 and 8 associated with body length (Fig. 1). This P value
corresponds to Q values of 0.53 (SNPs forW), 0.40 (SNPs for
RL), and 0.99 (SNPs for BL). These association values are
indicative of a possible true association, given the small
sample size, and the fact that each of these SNP accounted
for an important proportion of the genetic variance, which
ranged from 17.8% to 54.4% for all the traits (Table 2).
Among signiﬁcant results, the SNP rs68488737 (ECA 3) that
was associated with W and RL and the SNP rs68714893
(ECA 6) associated with RL point to interesting candidate
genes: WWOX and AVPR1A. These genes are biologicallyTable 1
Summary statistics and heritability (h2) estimates for weight, rump length,
and body length of the Quarter Horse
Parameter Weight (kg) Rump
Length (cm)
Body
Length (m)
N (animals) 184 184 184
Mean (STD)
(racing animals)
538.97 (42.05) 62.03 (0.03) 1.80 (0.06)
Mean (STD)
(cutting animals)
450.69 (46.59) 55.17 (0.02) 1.63 (0.07)
s2g 823.2840 0.0004 0.0006
h2 0.4975 0.5164 0.1710
STD, standard deviation; s2g , restricted maximum likelihood estimate of
the (poly)genetic variance for the trait.interesting ﬁndings, because they can be functionally
related to important traits in the Quarter Horses as detailed
in the following. The SNP rs68488737 (ECA 3) is positioned
in noncoding region of the WWOX; however, it can affect
the gene expression or be in LD with causal SNPs.
In our study, two SNP associations at ECA 3 were
observed implicating that the gene WWOX (WW domain
containing oxidoreductase) was associated with W and RL.
This gene, according to Aqeilan et al [14], contributes to
bone formation through regulation of RUNX2 activity in
osteoblasts, which encodes a nuclear protein essential for
osteoblastic differentiation and skeletal morphogenesis
[12]. In a previous study, a different region of ECA 3 was
implicated. Tetens et al [3] found a single major QTL for
height at withers explaining approximately 18% of the
phenotypic variance mapped to ECA 3 in German Warm-
blood horses, indicating the LCORL/NCAPG locus as a strong
candidate underlying this QTL. Differences in studied
breeds and traits may account for these different results.
A ﬁne mapping exercise of these regions of ECA 3 would
contribute to resolving this QTL.
The association with RL on ECA 6 implicated a new
candidate gene: AVPR1A (arginine vasopressin receptor 1A).
The protein encoded by AVPR1A acts as receptor for
Table 2
Minor allele frequency (MAF), effect, proportion of the additive genetic variance explained (%V), and genes for single-nucleotide polymorphisms (SNPs)
associated (P < .0001) with weight, rump length, and body length of the Quarter Horse
SNP ECA:Position
(Mb)
MAF Weight Rump
Length
Body Length Genes
Effect %V Effect %V Effect %V
rs68626382 2:33.5 0.17 24.30 19.9 d d d d EIF4G3, HP1BP3, SH2D5, KIF17, LOC102148467, DDOST, PINK1,
LOC102148800, CDA, LOC102148657
rs68488737 3:26.7 0.36 19.60 21.7 d d d d WWOX
rs68559987 3:29.1 0.42 17.70 18.6 d d d d BCMO1, GAN, LOC102150591, CMIP
rs68614112 2:103.7 0.06 d d 0.03 22.9 d d ANKRD50
rs68562545 2:98.9 0.10 d d 0.02 21.6 d d d
rs68488737 3:26.7 0.36 d d 0.01 19.7 d d WWOX
rs68714893 6:79.4 0.38 d d 0.01 19.9 d d AVPR1A
rs68762127 7:34.1 0.09 d d 0.02 24.1 d d LOC100072341, LOC100630076, LOC100630107, LOC102148118
rs68802762 9:18.5 0.24 d d 0.01 17.8 d d MCMDC2, SGK3, LOC102147850, C9H8orf44, VCPIP1
rs69315059 21:4.1 0.26 d d 0.01 19.1 d d LOC102148385, LOC100054881, LOC102148426
rs69402054 26:29.9 0.42 d d 0.01 20.5 d d IFNAR2, IL10RB, LOC102150829, IFNAR1
rs68625621 3:15.0 0.40 d d d d 0.02 54.4 d
rs68795337 8:32.8 0.36 d d d d 0.02 52.3 PTPRM
ECA, Equus caballus autosomes.
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vasoconstrictor and an important component in the control
of blood pressure during exercise in horses [15]. According
to McKeever et al [16], exercise causes an increase in
plasma concentration AVP that is correlated with the
duration and intensity of the exercise in horses and man.
What would be the direct effect of AVPR1A in RL is difﬁcult
to speculate. From the previously described gene function,
it is logical to assume that AVPR1A could affect exercise
performance. Further investigation of the association re-
ported here could provide insight for the molecular links
between RL and exercise performance.
In conclusion, genomic regions on ECA 2, 3, 6, 7, 8, 9, 21,
and 26 were associated with morphometric traits in
Quarter Horse. Genes mapped to these regions, and thus
positional candidates for weight, rump length, and body
length emerged from this GWAS. However, most of these
genes have no obvious function related to the studied traits.
Positional and functional candidate genes from this study
are WWOX and AVPR1A. Further studies are required to
conﬁrm these SNP associations and candidate genes in
other populations and horse breeds.
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